Replication forks temporarily or terminally pause at hundreds of hard-to-replicate regions around the 18 genome. A conserved pair of budding yeast replisome components Tof1-Csm3 (fission yeast Swi1-Swi3 and 19 human TIMELESS-TIPIN) acts as a 'molecular brake' and promotes fork slowdown at proteinaceous 20 replication fork barriers (RFBs), while the accessory helicase Rrm3 assists the replisome in removing protein 21 obstacles. Here we show that Tof1-Csm3 complex promotes fork pausing independently of Rrm3 helicase by 22 recruiting topoisomerase I (Top1) to the replisome. Topoisomerase II (Top2) partially compensates for the 23 pausing decrease in cells when Top1 is lost from the replisome. The C-terminus of Tof1 is specifically 24 required for Top1 recruitment to the replisome and fork pausing but not for DNA replication checkpoint 25 (DRC) activation. We propose that forks pause at proteinaceous RFBs through a 'sTOP' mechanism ('slowing 26 down with TOPoisomerases I-II'), which we show also contributes to protecting cells from topoisomerase-27 blocking agents. 28 29
INTRODUCTION 32
The chromosomal DNA of most cells is duplicated once per cell cycle due to the concerted action of 33 DNA helicases unwinding the DNA template, topoisomerases unlinking the parental strands, and DNA 34 polymerases synthesizing the daughter strands in collaboration with a myriad of accessory factors (Bell and 35 Labib 2016) . This assembly of proteins on the DNA replication fork is called the 'replisome'. In order to 36 achieve the completeness of genome duplication, the replisome should pass through the entirety of all 37 chromosomes. On average budding yeast replisomes move through ca. 20 kb of DNA before merging with a 38 converging fork (Pasero et al. 2002) . However, in vivo the speed of the replisome is not uniform, as it 39 temporarily or terminally slows/pauses/arrests/stalls at certain locations, called replication fork barriers 40 (RFBs). RFBs are comprised by 'unconventional' DNA structures (inverted repeats, trinucleotide repeats, G4 41 quadruplexes), RNA/DNA hybrids (R-loops), and tight protein/DNA complexes (Gadaleta and Noguchi 2017) . 42
Examples in yeast of the latter type of RFB are found at the rDNA repeat array, tRNA genes (tDNA), 43 telomeres, centromeres, silent mating type loci (HML/HMR) silencer elements, and dormant origins of 44 replication (Gadaleta and Noguchi 2017) . 45
Replisome pausing at these protein barriers involves two components: (1) a tight DNA-binding 46 protein block specific for a given locus (e.g. Fob1 (rDNA RFB -rRFB), the RNA polymerase III pre-initiation 47 6 Lack of the Rrm3 helicase leads to prolonged fork pausing at Fob1-RFB and elevated rDNA instability 96 as a result of fork pausing (Ivessa et al. 2000) . Utilizing ADE2 marker loss from the rDNA locus as a measure 97 of ribosomal gene array instability, we found that Tof1 was required for rDNA repeat destabilization in rrm3Δ 98 cells ( Fig. 1E) . Remarkably, tof1Δ mutation also suppressed the more elevated instability of an rrm3Δ rif1Δ 99 double mutant, which additionally lacks a negative regulator of replication origin firing, Rif1 (Shyian et al. 100 2016). Viability of rif1Δ cells requires the DSB repair and fork maintenance complex MRX, and the lethality 101 caused by MRX mutations in these cells is suppressed by pausing alleviation through fob1Δ, tof1Δ, or csm3Δ 102 mutations (Shyian et al. 2016) . Notably, we observed that tof1Δ partially suppressed synthetic sickness of 103 rrm3Δ and mre11Δ mutations, to an extent slightly stronger than suppression by fob1Δ (Fig. 1F ). This 104 difference in suppression by tof1Δ compared to fob1Δ is perhaps related to a more general role of Tof1 in 105 replisome pausing throughout the genome, since Fob1 is thought to act exclusively at rDNA repeats. 106
Altogether, our results show that Tof1 mediates fork pausing, rDNA instability and cellular toxicity in cells 107 lacking Rrm3 helicase. Therefore, it is unlikely that Tof1 promotes fork pausing exclusively by regulating 108
Rrm3 helicase but rather suggests a more direct involvement of Tof1-Csm3 in fork slowdown (Fig. 1A, model  109 '2'), albeit through an unknown mechanism. 110
Tof1-Csm3 complex interacts with Top1
111 Intrigued by the strong rDNA stabilizing effect of tof1Δ mutation (Fig. 1E) , we sought to identify the 112 factor(s) contributing to this stability and regulating replication fork pausing at Fob1-RFB. We carried out an 113 unbiased forward genetic screen for mutants de-stabilizing the rDNA in either a wild type (WT) or tof1Δ 114 background, using ADE2 and URA3 loss from the array as a read-out (the "cowcatcher" screen, Materials and 115 Methods; Fig. S2A ). Mutations in RRM3, SIR2, HST3, CAC1, ORC1 and PSF2 genes were recovered in the WT 116 background but not in tof1Δ. One of the mutations we discovered specifically in the tof1Δ background was in 117 7 the TOP1 gene, which encodes topoisomerase I (Fig. S2A) -an enzyme required for both DNA replication and 118 stability of rDNA repeats (Christman et al. 1988 ; Kim and Wang 1989b; Kim and Wang 1989a) . The highly 119 negative score of this top1-G297D mutation in Protein Variation Effect Analyzer (Choi et al. 2012 ) (PROVEAN: 120 -7; cutoff = -2.5) implied a deleterious effect of this change on Top1 function. Indeed, complete deletion of 121 the TOP1 ORF led to a strong elevation of rDNA instability ( Fig. 2A) . In contrast to rrm3Δ and rif1Δ mutations 122 however, the rDNA instability in top1Δ cells was not suppressed by tof1Δ, suggesting that Top1 and Tof1 may 123 have overlapping roles. This and the fact that TOF1 was originally identified in a yeast two-hybrid screen that 124 employed a part of Top1 protein as a bait, as its name implies ('TOpoisomerase I-interacting Factor 1'; (Park 125 and Sternglanz 1999)), prompted us to focus further on this factor. 126
As mentioned above, Tof1-Csm3 is present in the cell nucleus within the MTC complex, together with 127 Mrc1 (Bando et al. 2009 ). Using co-immunoprecipitation experiments, we observed that topoisomerase I 128 was indeed recovered together with all the three components of the MTC complex ( Fig. 2B, S2B ). This 129 interaction was detected only when whole cell extracts were treated with Benzonase nuclease, which 130 degrades nucleic acids and liberates protein complexes from chromatin (De Piccoli et al. 2012) ( Fig. S2C) . 131 8 early origins (ARS305 and ARS607) at the time of their activation ( Fig. 2C and S2D ) in accordance with a 140 previous study (Bermejo et al. 2007 ). However, cells lacking Tof1 had much lower levels of Top1 recruitment 141 to these ( Fig. 2C and S2D) . To confirm this result, we analyzed the genome wide binding of Top1 in early S 142 phase and observed, as expected, that Top1 is enriched at replicating ARSs ( Fig. 2D) and highly transcribed 143 genes ( Fig. S2E ) that correspond to regions experiencing high helical tension. Remarkably, removing Tof1 144 abolished the Top1 signal at ARSs, whereas binding at promoters of highly transcribed genes was not 145 affected. Furthermore, absence of the MTC complex member Mrc1 did not affect Top1 recruitment ( Fig. 2C  146 and S2D), which is in line with retention of the Tof1-Top1 interaction in mrc1Δ cells ( Fig. 2B and S2B) . 147
Moreover, absence of the Rrm3 helicase did not restore the Top1 association with origins in tof1Δ cells ( Fig.  148 2C and S2D). 149
The last 258 amino acid residues of the C-terminal part of Tof1 were reported to be sufficient for the 150 two-hybrid interaction with Top1 (Park and Sternglanz 1999). Consistent with this part of Tof1 harboring a 151 Top1-interacting domain, we observed a loss of Top1 co-immunoprecipitation and recruitment to origins in 152 cells expressing a Tof1 protein lacking the last 258 aa (tof1-ΔC = tof1-Δ 981-1238 -3xFLAG) ( Fig. 2E-F and S2F-G). 153 Importantly, recruitment of WT Tof1 and the truncated Tof1-ΔC protein to origins was comparable ( Fig. 2F  154 and S2F-G). This suggests that Tof1 promotes Top1 association with origins by directly recruiting Top1 to the 155 replisome. 156
Top1 positively regulates replication fork pausing at RFBs

157
As it is not understood how Tof1-Csm3 slows down the replication fork at protein barriers, we 158 wondered if their interactor Top1 is involved in this process. In order to assess this putative functional link 159 between Tof1 and topoisomerase I, we evaluated replication pausing at RFBs in asynchronous cultures. 160
Indeed, deletion of TOP1 or dissociation of Top1 from the replisome by tof1-ΔC mutation led to a similar ca. 161 9 50% decrease in pausing at RFBs both in WT and rrm3Δ backgrounds, as detected by 2D and 1D gels at rRFB 162 ( Fig. 3A and S3A-B) or by Mcm4-MYC ChIP at rRFB and tRNA genes ( Fig. 3B and S3C) . Moreover, the fork 163 pausing decrease in the double mutant tof1-ΔC top1Δ was comparable to that of single tof1-ΔC and top1Δ 164 mutants ( Fig. 3B) , suggesting that the two factors could act in the same pausing pathway. Consistent with 165 retention of Top1 recruitment to the FPC complex and to the replisome, mrc1Δ had no defect in pausing ( known to decrease fork progression rates even more strongly than does tof1Δ, but has no effect on pausing 168 top1Δ mutant could be an indirect consequence of any potential change in fork progression rates in these 170
mutants. 171
We had shown previously (Shyian et al. 2016) that rif1Δ leads to increased initiation at the rDNA ARS 172 elements. One consequence of this is increased fork stalling and collapse at the rRFB, which leads to 173 synthetic sickness in combination with mre11Δ. This synthetic growth defect is abolished by deletion of 174 FOB1, confirming its connection to the rDNA fork block. As expected for a pausing defect, we found that 175 tof1-ΔC partially alleviated rif1Δ mre11Δ synthetic sickness ( Fig. 3C) . 176
The fact that cells lacking Top1 completely or lacking the Top1-recruiting C-terminus of Tof1 still 177 exhibit a pause signal significantly higher than cells lacking the whole of Tof1 protein (Fig. 3A) suggests that 178 some other factor(s) are able to compensate for Top1 loss in a Tof1-dependent way and slow down the 179 replisome in the absence of Top1. 180 10 Top1 and Top2 redundantly promote fork pausing at Fob1-RFB 181 Top1 is believed to be the main replicative swivelase (Kim and Wang 1989a), but it is not essential for 182 replication elongation and survival in budding yeast since Top2 is able to compensate for its absence (Kim 183 and Wang 1989a; Bermejo et al. 2007 ). Consistent with this, we also detected Top2 in the 184 immunoprecipitates of Tof1 and Csm3 proteins ( Fig. S4A ) and tof1-ΔC mutation only partially affected this 185 association ( Fig. S4B) . We asked then whether Top2 could compensate for the loss of the Top1 in the 186 replication fork pausing. Indeed, while inactivation of topoisomerase II at elevated temperature in a top2-ts 187 strain or by auxin-induced degradation of the protein had only a little effect on pausing ( Fig. 4A-B and S4C-D) 188 doing so in cells lacking Top1 (top1Δ) or in cells with Top1 destabilized from the replisome (tof1-ΔC) led to a 189 dramatic fork pausing loss phenotype similar to the one in tof1Δ cells ( Fig. 4A-B 
, S4C-D and S4F-G). 190
We observed a similar loss of fork slowdown when using different means to simultaneously deplete 191 Top1 and Top2: temperature inactivation of Top2 in top1Δ top2-ts and tof1-ΔC top2-ts strains ( Fig. 4A-B appearance very similar to those of tof1Δ strains (Fig. 3A, 4A , and S4C-H), in which the loss of the pausing 199 signal at the Fob1-RFB was accompanied by an increase in the intensity of the descending part (left half) of 200 the Y arc. We speculate that the latter might be due to a head-on collision of the replication fork liberated 201 from Fob1-RFB with the RNA polymerase I transcribing the adjacent rRNA gene. Thus, Top1 and Top2 202 11 proteins act in parallel to promote replication fork pausing at Fob1-RFB, and the replisome appears to be able 203 to move past the Fob1-RFB in their absence. 204
Nevertheless, these data have to be interpreted with caution since it was reported that simultaneous 205 inactivation of topoisomerase I and II leads to DNA damage checkpoint activation and to rapid replication 206 cessation (Bermejo et al. 2007 ), which could in theory contribute to the observed fork pausing phenotypes. 207
However, addressing the checkpoint issue, we found that degradation of both Top1 and Top2 in the 208 checkpoint-deficient backgrounds rad53-K227A (kinase-dead Rad53) or rad9Δ abolished pausing to an extent 209 similar to that in checkpoint-proficient cells ( Fig. S4H) , indicating that checkpoint activation is not necessary 210 for the loss of replication fork slowdown. With regard to replication cessation, when released from G1 arrest 211 into S phase at +37 °C, top1Δ top2-ts strains indeed failed to progress through S phase and arrested with 212 close to 1C DNA content ( Fig. 4C) , consistent with previous findings (Kim and Wang 1989a; Bermejo et al. 213 2007) . However, tof1-ΔC top2-ts and tof1Δ top2-ts cells rapidly progressed through the S phase in these 214 conditions (similarly to top2-ts only cells ( Fig. 4C and S4E) ). Since both top1Δ top2-ts and tof1-ΔC top2-ts 215 cells show a similar decrease of fork pausing at +37 °C ( Fig. 4A-B , S4C-D), while only the former exhibits an S 216 phase progression defect, we reasoned that the fork slowdown by Top1 and Top2 is not an indirect 217 consequence of their genome-wide replication role but rather an in cis effect of these topoisomerases at the 218 replisome, promoted by the Tof1-Csm3 complex. Moreover, it appears that Top1 (and perhaps Top2) 219 anchoring at the replisome by Tof1 is not essential for the general S phase progression but is specifically 220 important for fork pausing. 221 First, similar to the wild-type version, Tof1-ΔC protein appears to protect its partner Csm3 from 226 degradation ( Fig. 5A) Fig. 5E and S5A-B) . We found in addition that cells 238 lacking any of the MTC complex components display impaired growth in the presence of etoposide (ETOP) 239 ( Fig. 5E and S5A-B) , a chemical blocking topoisomerase II, with tof1Δ and csm3Δ again having a greater effect 240 than mrc1Δ. Importantly, tof1Δ and csm3Δ mutations impaired growth specifically in the presence of 241 topoisomerase blocking agents but not upon DNA double-strand break induction by phleomycin or fork 242 stalling and breakage by the alkylating agent MMS ( Fig. S5A-B) . Therefore, the Tof1-Csm3 complex appears 243 13 to protect cells from blocked topoisomerases. We wondered whether this protection stems from the ability 244 of Tof1-Csm3 to engage with Top1 and Top2. Surprisingly, tof1-ΔC mutant was still significantly resistant to 245 CPT and ETOP (Fig. 5E ). We reasoned that the higher sensitivity of tof1Δ to these agents in contrast to tof1-246 ΔC mutant could be due to the preservation of another function in the Tof1-ΔC protein and, since Tof1-ΔC is 247 proficient in the Mrc1-dependent DRC ( Fig. 5C and 4D) , speculated that this might also be related to a role 248 shared with Mrc1. We therefore removed Mrc1 from the tof1-ΔC mutant cells and indeed observed an 249 increase in CPT and ETOP sensitivity in the tof1-ΔC mrc1Δ double mutant, to an extent comparable to that of 250 tof1Δ cells ( Fig. 5E ). Interestingly, tof1Δ, but not tof1-ΔC, grew slowly in combination with mrc1Δ (at 25 0 C; 251 
tof1-ΔC is a separation of function mutation that leaves replication checkpoint roles intact
DISCUSSION
257
In summary, we showed that Tof1-Csm3 mediates replication fork pausing at proteinaceous RFBs 258 through a pathway independent of Rrm3 helicase.
Instead, Tof1-Csm3 complex interacts with 259 topoisomerases I and II and mediates Top1 association with the replisome in normal S phase. Although we 260 did not detect Top2 recruitment to replisomes in unchallenged cells with ChIP, alternative approaches should 261 be used in the future to assess Top2 recruitment and its dependency on FPC. Top1 was previously identified 262 as a part of the RPC (Gambus et al. 2006 ) and our report pinpoints the precise factor responsible for its 263 engagement and suggests that eukaryotic cells do not rely exclusively on the DNA topology-mediated 264 recruitment of topoisomerases to replicate chromosomes but rather have an association hub (Tof1-Csm3) to 265 enrich them on the replisome. We imagine that this pathway could serve to prevent buildup of excess Our findings indicate that either Top1 or Top2 is able to impose replication fork pausing at the Fob1-270 RFB, through a mechanism that we dub 'sTOP' ('slowing down with TOPoisomerase I and II') ( Fig. 6) . Indeed, 271 it is assumed that in eukaryotes topoisomerase I and II act in front of the replication fork to unlink the 272 parental DNA strands (Brill et al. 1987; Duguet 1997 thus tempting to speculate that by recruiting topoisomerases to the fork, Tof1-Csm3 precludes torsional 296 stress buildup ahead of the replisome, helping to maintain integrity of chromatin (binding of both non-297 histone and histone proteins). Further studies, particularly with single-molecule approaches, will help to 298 assess whether this is the case and elucidate the exact molecular details of how Top1 and Top2 promote the 299 replication fork pausing at proteinaceous barriers and general fork progression. 300
Although topoisomerase would still be expected to assist DNA elongation by replisomes lacking the 301 Tof1-Csm3 complex (since tof1Δ and csm3Δ cells are viable), the failure to recognize topoisomerases in front 302 of the fork, and perhaps to duly pause until they dissociate from the template, might lead to replisome-303 topoisomerase collisions. We speculate that collision and replication run-off (Strumberg et al. 2000) with 304 subsequent failure to properly activate checkpoint and repair the collapsed forks might explain the elevated 305 sensitivity of tof1Δ and csm3Δ mutants to topoisomerase blocking conditions ( Fig. 5D, S5A Healthcare Life Sciences). The ratio of the signals at the rRFB spot to the remainder of Y arc of a given 353 mutant was normalized to the respective ratio in WT present on the same 2D gel membrane and reported as 354 'Replication forks at RFB relative to Y arc' value; this value in all the WT samples therefore equals 1. For 1D 355 gels the first dimension gel was stained with EtBr, directly transferred to nylon membrane and probed with a 356 radioactively labeled probe specific to Fob1-RFB site (Brewer and Fangman 1988; Kobayashi et al. 2004 ). The 357 membranes were exposed to K-screens (Bio-Rad) for 6 hrs to 7 days before phosophorimaging. 358 Strains containing single copy of ADE2 and URA3 genes inserted into rDNA array were used for mutagenesis 368 with EMS at 50% survival. EMS-treated cultures were split in 10 separate tubes, inoculated into SC-ADE-URA 369 liquid medium and grown overnight (to counter-select mutations in ADE2 and URA3). Then, aliquots were 370 inoculated into YPAD and grown overnight to allow for marker loss from the rDNA. Dilutions were plated on 371 5-FOA plates (selection for URA3 loss) and incubated as in ADE2 loss assay above. After visual inspection, red 372 sectored colonies from 5-FOA plates were manually selected and their white sectors were streaked 373 sequentially 2 times onto SC plates. Of ca. 50'000 colonies from 5-FOA plates, 30 independent, reproducibly 374 high-sectoring isolates were chosen. These were back-crossed, sporulated, dissected and assessed for 375 Pausing at rRFB (2D gels) Figure 1 . TOP2-FRB   TOP1  TOP2  TOP1,2  TOP3 TOP2,3 TOP1,3 Pausing at rRFB (2D gels) 
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